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Sub-melt laser annealing is a promising technique to achieve the required sheet resistance and
junction depth specifications for the 32 nm technology node and beyond. In order to obtain a
production worthy process with minimal sheet resistance variation at a macroscopic and
microscopic level, careful process optimization is required. While macroscopic variations can
easily be addressed using the proper spatial power compensation it is more difficult to completely
eliminate the micro scale non-uniformity which is intimately linked to the laser beam profile, the
amount of overlaps and the scan pitch. In this work, we will present micro scale sheet resistance
uniformity measurements for shallow 0.5 keY B junctions and zoom in on the underlying effect of
multiple subsequent laser scans. A variety of characterization techniques are used to extract the
relevant junction parameters and the role of different implantation and anneal parameters will be
explored. It turns out that the observed sheet resistance decrease with increasing number of laser
scans is caused on one hand by a temperature dependent increase of the activation level, and on
the other hand, by a non-negligible temperature and concentration dependent diffusion component.
INTRODUCTION
An important challenge for advanced CMOS
technologies is the formation of highly active shallow
source/drain extension junctions. As a classical spike
Rapid Thermal Annealing (sRTA) results in excessive
dopant diffusion and limited electrical activation, high
temperature millisecond annealing (MSA) eventually
combined with a soft sRTA is considered as the
activation method of choice [1-3]. While considerable
progress as been made with the integration of MSA in
advanced CMOS process flows [4] some
manufacturability aspects still require further attention
[5]. One of these is the micro-scale sheet resistance (Rs)
variation observed for sub-melt laser annealing [5-7].
These micro-scale Rs variations are caused by the
overlapping or "stitching" of the laser beam during
subsequent laser scans and appear as a result of the
local response of the junction to multiple laser
illuminations. As these effects occur on a short length
scale (mm to sub-mm) dedicated metrology is required
to visualize these effects and to make a correct
assessment of their magnitude [6]. In the present paper,
the focus will be on the response of shallow 0.5 keV B
978-1-4244-1951-7/08/$25.00 ©2008 IEEE
junctions to multiple laser illuminations which is key to
understand the resulting stitching pattern.
EXPERIMENTAL
To emphasize the role of multiple subsequent laser
illuminations, we prepared two sets of wafers with a
different scanning pattern. On a first type of wafers
(type "S") a number of zones where irradiated with the
laser using a standard stepping distance d "stitching
period" of 3.65 mm between subsequent scans. As the
laser beam has a width of --- 11 mm, each point in those
zones is effectively annealed by 3 subsequent
temperature pulses. On a second type of wafers (type
"NS") zones were defined where the laser was scanning
for a number of consecutive times (lx-7x) without
stepping. These are the so-called "non-stitching" scans.
In both cases, 300 mm n-type wafers of device quality
were used. The different wafers received a basic clean
before implant, and all required implants were done on
a low energy Quantum X implanter from Applied
Materials. Wafers were prepared with different B doses
(lxI015 at/cm2 down to lxl014 at/cm2) while the energy
was kept fixed at 0.5 keY. On selected wafers a
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Rs span due to stitching is about 36 Q/o which
corresponds to a variation of "J 6%. In Figure 1b, we
show the M4PP Rs on the NS-wafer with a dose of
1x1015 at!cm2 for varying laser overlaps (1x-7x) and a
Corresponding peak temperature of 1220°C. The Rs
traces clearly reveal the size of the laser beam along the
slow axis and explain the origin of the sub-stitching
minima on the S-wafers. As previously reported [7]
these sub-stitching minima are related to intensity
variations within the laser spot, and can be removed by
an improved laser design. When the number of
overlaps is increased from 1x to 7x, the Rs drops
systematically as we will discuss later in more detail.
The spatial Rs variation of the standard stitching scans
is the result of the integrated spatio-temporal response
of the substrate on the impinging laser radiation. If we
evaluate the Rs for a triple overlap at the center of the
beam we find Rs values which are very comparable to
the ones obtained for the corresponding stitching scans.
This proves experimentally that most of the wafer area
sees indeed a 3x laser illumination. The magnitude of
the Rs drop for the stitching scans is also comparable to
the drop in Rs when going from a 3x to a 4x trace on
the NS-wafer. This shows that the large dips in the Rs
traces in Figure 1a are indeed caused by local (3+1)x
overlap. The stitching variation can thus be understood
if the mechanism behind the Rs(n) dependence can be
unraveled (with n the number of laser scans).
Figure 2 summarizes the Rs traces for the NS-wafers
versus the number of subsequent laser scans at two
different peak temperatures. Rs was determined as the
average of the central minima in the across beam scans
shown in Figure lb. The nominal B dose is listed next
to the curves. The short dashed lines are for aBO.5
keV,lxl015 implant preceded with a Ge PAl, while the
Figure 1. (a) M4PP traces for S-wafers with different
B doses (lxI015, 7xl014, 5xl014 at!cm2). (b) M4PP
traces for a NS-wafer through laser scans with
varying overlaps (lx-7x). B dose lxl015 at!cm2 and
Tp = 1220°C.
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SHEET RESISTANCE
In Figure la, we show a part of the M4PP scans on the
S-wafers for fixed scan velocity of 150 mmls, Tp =
1220°C and varying B doses (lxl015, 7xl014,
5xl014at!cm2). For a nominal dose of lxl015 at!cm2• the
For the determination of the sheet resistance, sheet
carrier density and mobility of these layers,
conventional Four-Point probe (4PP), Micro Four-Point
Probe (M4PP) and three different sets of Hall
measurements were undertaken (Newcastle, Capres,
Imec). Note that the NS-wafers were evaluated by a
larger set of characterization techniques for which we
refer to [10]. 4PP was done on an RSI00 commercial
tool with an electrode pitch of 1 mm (D-probe, 100g
load, 20 mil tip). At Imec and Newcastle, conventional
macroscopic Hall measurements were done on lxl cm2
square pieces of material with contacts close to the
comers. At Newcastle an eutectic was used for the
contacts and the samples were patterned into a
cloverleaf structure. At Imec, clamps were used for the
contact without van der Pauw patterning. Finally, the
micro four-point probe (M4PP) Hall Effect method
from Capres combines zero probe penetration [11] and
high spatial resolution [6] with a van der Pauw like
measurement technique [12]. Hall sheet carrier density,
Hall mobility and sheet resistance are simultaneously
measured by performing a series of four-point
resistance measurements in a moderate magnetic flux
density B = 500 mT and in proximity of a cleaved or
lithographically defined edge. The M4PP Hall effect
measurements were performed with an electrode pitch
of 20 J..lm and a current set-point ranging from 17 to 120
J..lA depending on the sample sheet resistance. The
magnetic flux density used for the conventional Hall
measurements were respectively 330 mT at Newcastle
and 200 mT at Imec.
preceding Ge Pre Amorphization Implant (PAI) was
applied (Ge, 12 keY, 5xl014 at/cm2) and in some cases
an intermediate C implant was given (C, 3 keY, lxl015
at!cm2). All implants were single quadrant
implantations with zero tilt and twist, and the 0.5 keY B
implants where obtained by deceleration from a 2 keV
beam. Laser annealing was done in a Applied Materials
DSA chamber [8] which uses a 808 nm diode bar laser
and has a spot size of "J 11 mm x 75 J..lm. For all
reported measurements in this paper, a fixed scan speed
of 150 mm/s is used corresponding to a dwell time of "J
0.5 ms. The wafer peak temperature (Tp) was monitored
during each scan with an integrated pyrometer [9]. For
the S-wafers a fixed temperature of 1220°C was applied
while conditions with 1220°C and 1300°C were chosen
for the NS-wafers. All wafers were annealed in a pure
N2 ambient.
Authorized licensed use limited to: Newcastle University. Downloaded on May 28,2010 at 14:42:28 UTC from IEEE Xplore.  Restrictions apply. 
1900 __---------,
1700 L--\..--------1
1500 ~-----\.---------j
i l300
e
..= noo L------\--\------=-:.~~----j
e,
~ 900 -i-=---------+-~~--------I
(a)
300 ~~~~~~~,.....-'
o 1 2 3 4 5 6 7
Nr laser scans
800 __-+--------,
i 600e
..=
e, 500 +-----t-~~----j
~
o 1 2 3 4 5 6 7
Nr laser scans
Enhanced Diffusion (TED) takes place whose
magnitude seems to be relatively independent of the B
implant dose. For subsequent annealing, a kink appe~rs
in the concentration profile at a depth "J 6 nm separating
the immobile peak from a pronounced diffusing tail. As
the B dose decreases, the extent of this diffusing tail is
strongly reduced which clearly points towards a Boron
Enhanced Diffusion [14]. With increasing number of
scans the B dose in the immobile peak reduces and at
the same time the edge of the diffused profile moves
deeper into the substrate. When the dose is kept at
lxl015 at/cm2 but the temperature is reduced to 1220°C
(Figure 4a), the situation looks identical but the
diffusion distances are now reduced due to the lower
thermal budget.
Figure 2. Sheet resistance of the NS-wafers versus the
number of subsequent laser scans for (a) 1220°C and
(b) 1300°C. Filled symbols are standard 4PP
measurements while open symbols are M4PP
measurements. Curves with short dashed lines are for
the GeIB implant, long dashed lines for Ge/C/B.
long dashed lines are for a Ge/C/B combination.
Globally we observe a decrease in Rs with increasing
number of subsequent laser scans as well as B dose.
The shape of the curves looks similar for the two
temperatures and mainly differs in absolute values. The
higher temperature has clearly a beneficial effect in
lowering Rs. For a B dose of lxl015, both the M4PP
and the standard 4PP gives nearly identical results. For
lower doses (and larger sheet resistances) the difference
becomes somewhat larger and the M4PP seems to give
systematically the lowest result (which agrees with the
larger spot size of the 4PP resulting in a higher average
Rs cft Fig. 1b). When a PAl is implemented before the
B implant, the shape of the curves is clearly different at
1220°C compared to 1300°C. Finally, it is clear that C
co-implantation also increases the Rs.
nopANT PROFILES
To gain more insight in the dopant distribution,
Secondary Ion Mass Spectrometry (SIMS) was carried
out. In Figure 3, SIMS spectra are shown as a function
of the number of subsequent laser scans for three
• 15 t/ 2 5 1014different B Implants (B doses 1x10 a cm, x
at/cm2, lxl014 at/cm2) and Tp = 1300°C. The as -
implanted profile in the crystalline Si (c-Si) is
characterized by an immobile peak at "J 2.6 nm depth,
which is typically associated with the presence of
Boron and Boron Interstitial Clusters (BICs) [13].
When the dose decreases the peak magnitude decreases
and becomes hardly distinguishable at the lowest dose
of lxl014 at/cm2• At the first laser scan a Transient
The phenomenology is comparable for the wafer which
received a Ge PAl (see Figure 4b with Tp = 1300°C).
The as-implanted profile is shallower compared to the
c-Si case due to the absence of channeling and the
difference wrt the shift of the profile after the 1st laser
scan is larger in case of PAL The reason for this is
twofold : there is a more pronounced End Of Range
(EaR) damage due to the PAI leading to a larger
interstitial flux during TED and the diffusion in the
amorphous Si (a-Si) is larger compared to c-Si [16].
Similar observations were recently reported by Lerch et
al. in case ofmultiple flash pulses [15].
Figure 4c, shows the case for which a C co-
implantation is carried out after the PAl. It is interesting
to note that the addition of C is effective in reducing the
B diffusion during the subsequent laser scans as
observed for classical RTA [16,17]. Besides
suppression of classical TED, C reduces the interstitial-
mediated B diffusion which takes place during the BIC
dissolution. This can clearly be seen in Figure 5, where
we plot the profile shift at the steep edge of the
diffusing tail ([B] = 5xl019/cm3) versus the number of
laser overlaps.
At 1300°C the C introduction reduces the profile shift
with "J 3 nm for 3x and "J 6 nm for 7x. Similar behavior
can be observed at lower temperatures but the
difference is smaller. Compared to the wafer with PAl,
the C-co implant yields the steepest profiles and gives
the best Rs-Xj trade-off.
HALL MEASUREMENTS
Now we understand the impact of multiple laser scans
on the B profile, we still need to find out what portion
of the profile is active and how this evolves. In a
previous study on the S-type wafers [10], different Hall
approaches where compared. From that study, it
appeared that the Micro Hall probe gave the most
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Figure 3. SIMS curves for different B 0.5 keY
implants in c-Si receiving a varying number of laser
scans. B dose reduces from top to bottom (a) lxl015
at/cm2, (b) 5xl014 at/cm2, (c) lxl014 at/cm2•
Tp =1300°C
Figure 4. SIMS curves for different B 0.5 keY
implants receiving a varying number of laser scans.
(a) B,lxl015 at/cm2, T =1220°C
(b) Ge/B,lxl015 at/cm~, Tp =1300°C
(c) Ge/C/B,lxl015at/cm2, Tp =1300°C (*a.i. from Ge/B)
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Figure 5. Profile shift taken at a B concentration of
5xl019/cm3 versus the number of laser scans. The
arrows indicates the effect of C addition.
consistent results while the classical macroscopic
methods gave more deviating results. In the mean time
some samples were patterned at Newcastle with a
cloverleaf structure and these are reported in Figure 6,
together with the original results. With the Hall
measurements, one can measure the sheet resistance Rs
and the Hall sheet carrier density nRs and determine the
sheet carrier density from ns =nHs .rH where rR is the
Hall-scattering factor which is assumed to be 0.8 (for p-
type) based on literature [18]. Finally, the drift mobility
is found from Jldrift =1/qRsns .
If we take a look at the dependence of the sheet carrier
density versus dose at 1220°C (Figure 6a) we observe a
sublinear increase of ns with increasing dose which
indicates that we have more carriers at higher implant
doses but that the degree of activation is decreasing (as
can be seen in Figure 6b) due to the fact that more
candidate acceptors are trapped in B clusters and BICs.
From a measurement point ofview, it is good news that
the Micro Hall results and the results on cloverleaf
samples are now in a good agreement. The Imec data
taken on macroscopic square samples without
patterning, give a systematic over estimation between
20-30%, but are nevertheless reproducible and indicate
the right trend. For the data points with PAl at a B
dose of lxl015 at/cm2 both measurements seem to
confirm that the PAI also results in an improved
activation. Finally, in the bottom graph (Figure 6c) we
show the the drift mobility versus dose.The decreasing
mobility with increasing dose seems a consistent trend
with absolute values which are very reasonable [10].
Figure 7 shows the sheet carrier density, degree of
activation versus the number of overlapping scans for
the NS-type wafers at a B dose of lxl015 and 1300°C
The circles and triangles are the measurements with
Micro Hall probe while the other datapoints were taken
with the macroscopic method at Imec. Ifwe zoom in on
50
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Figure 6. Hall data for the S-wafers at 1220°C
versus implant B implant dose. (a) sheet carrier
density; (b) activation degree; (c) drift mobility
the sheet carrier density, we notice that the Micro Hall
probe predicts an increase at the first laser scans
followed by a saturation above ~ 4x. The behavior for
the macroscopic method follows more or less the same
trend but is again overestimating the active carrier
portion by 20-30%. The lx-2x transition for the
macroscopic method is clearly more abrupt and not
present for the PAl case. More measurements are
required however to find out if this is a systematic trend
or a variation of that measurement point. The triangle
represents the Micro Hall measurement on the S-wafers
(3x, 1220°C). The location of this point confirms the
obvious fact that the activation (and diffusion) increases
with temperature.
The bottom graph shows again the mobility. For all
samples, the mobility increases steadily with the
Authorized licensed use limited to: Newcastle University. Downloaded on May 28,2010 at 14:42:28 UTC from IEEE Xplore.  Restrictions apply. 
8.00E+14 --.--------------------.
- --0- - Imee - B - 1300c
-..x· .- !tree - ~/B - 1300c
--.-Capres - B - 1300c
A Capres - B - 1220 - 3x
••.~ •• Imec - B - 1300C
.. ·x-·· Imec - ~/B - 1300C
-+-Capres - B -1300C
A Capres - B - 1220C - 3x
.. -~ .. !tree - B - 1300c
...x· .. Imee - ~/B - 1300c
--.-Capres - B - 1300c
A Capres - B - 1220C - 3x
4
Laser scans
3 4 5
Laser scans
.'
2.00E+14 ~--.L--,---,--_r_-_r__-.,______r-_.,_--l
o
50
~ 45
N
5 40~
C
== 35..c
0e 30
~
·C
~ 25
20 C
0
80
-. 70~
e....-
cu
cu 60~
~
cu
"t:S 50=0
-.c
~ 40~
(,J
< 30
-.
~e 7.00E+14 +--------<7':...=--::------,..----...o<-~-_____.~~--___I~ / -':"'~
~ 6.00E+14 +--------r-/~~---"'-"---------___I5 ~,.-.-
~ 5.00E+14 +--_0 --...=~------------l
cu
·C
; 4.00E+14 +----~"L.---------i
U
.....
t 3.00E+14 +--------.----J
..=
r/l
Figure 7. Hall data for the NS-wafers at 1300°C versus
nr of laser scans (a) sheet carrier density; (b) activation
degree; (c) drift mobility
2 4
Laser scans
[14] A. Agarwal, H. Gossmann, D. Eaglesham, S.
Herner, A. Fiory and T. Haynes, AppI. Phys. Lett. 74,
2435 (1999).
[15] W. Lerch et aI., eMRS 2008, Symposium 1.
[16] V. Moroz, Y.-S. Oh, D. Pramanik, H. Graoui, M.
Foad, AppI. Phys. Lett. 87, 51908 (2005).
[17] R. Duffy et aI., AppI. Phys. Lett. 84, 4283 (2004).
[18] Y. Sasake, K. Itoh, E. Inoue, S. Kishi, T. Mitsiushi,
Solid-State Electron. 31 (1) (1988) 5.
ACKNOWLEDGEMENTS
CONCLUSIONS
REFERENCES
The authors are grateful to Imecs' FAB team and Samir
Bouchema, Shankar Muthukrishnan, Abhilash Mayur,
Robert Schreutelkamp from Applied Materials for their
kind support.
In the present work we have analyzed the mechanisms
behind the observed sheet resistance variation due to
laser beam stitching on shallow B junctions. The
variations are resulting from the response of the
junction to the subsequent laser scans. The subsequent
laser scans dissolve the Band B-1 clusters in the surface
region and release as such B atoms and self-interstitials
which can take part in the diffusion process. This
diffusion process results in a deeper profile, and hence a
lower sheet resistance. By introducing C close to the
zone of the dissolving clusters, the diffusion of the B
can be diminished resulting in more shallow profiles.
At the same time the activation of carrier profile
increases with the number of scans and seems to
saturate after 4-5 scans (at 1300°). Finally, these
multiple laser scans also increase the mobility, most
likely due to a dissolution of defects which contribute
to the carrier scattering.
number of scans, which might indicate that the
temperature pulses anneal out clusters and defects
arising from the EOR, which results in a lower
scattering and larger mobility. The systematic
underestimation of the mobility in case of the
macroscopic measurement method remains present.
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